RNA-binding proteins (RBPs) mediate the localization, stability, and translation of the target transcripts and fine-tune the physiological functions of the proteins encoded. The insulin-like growth factor (IGF) 2 mRNA-binding protein (IGF2BP, IMP) family comprises three RBPs, IGF2BP1, IGF2BP2, and IGF2BP3, capable of associating with IGF2 and other transcripts and mediating their processing. IGF2BP2 represents the least understood member of this family of RBPs; however, it has been reported to participate in a wide range of physiological processes, such as embryonic development, neuronal differentiation, and metabolism. Its dysregulation is associated with insulin resistance, diabetes, and carcinogenesis and may potentially be a powerful biomarker and candidate target for relevant diseases. This review summarizes the structural features, regulation, and functions of IGF2BP2 and their association with cancer and cancer stem cells.
Introduction
Insulin-like growth factor (IGF) 2 is a member of the insulin family of polypeptide growth factors which regulate development and growth [1, 2] . Its expression is delicately controlled during development through epigenetic, transcriptional, and translational mechanisms [2, 3] . It is also modulated posttranslationally by RNA-binding proteins (RBPs) which bind to IGF2 transcripts and mediate their processing, such as localization, stability, and translation [4, 5] . These include three IGF2 mRNA-binding proteins (IGF2BPs, IMPs), IGF2BP1, IGF2BP2, and IGF2BP3, which interact with the leader 3 mRNA 5 ′ untranslated region of IGF2 [6] [7] [8] . IGF2BPs share highly identical structural features with two N-terminal RNA recognition motifs (RRMs) and four C-terminal heterogeneous nuclear ribonucleoprotein Khomology (KH) domains [9] , which confer IGF2BPs the affinity towards RNA and the regulation capacity of multiple target transcripts [4] .
IGF2BP2 was originally identified as an RBP capable of binding IGF2 mRNA [9] , and later studies suggest that it also targets other transcripts, such as LAMB2 [10] , LIMS2 [11] , TRIM54 [11] , UCP1 [12] , and 12 other genes encoding mitochondrial components [12] . This multitargeting feature correlates with the wide range of physiopathological functions of IGF2BP2 in embryonic development, neuronal differentiation, lipid metabolism, insulin resistance, and tumorigenesis [13, 14] . High expression of IGF2BP2 during embryonic development coincides with its inhibitory role in mouse neocortex precursor cells' differentiation [15, 16] as well as energy metabolism, likely through its binding to the mRNAs that encode proteins forming mitochondrial respiratory complexes [17] . Recent genome-wide studies suggest IGF2BP2 as a susceptibility gene for human type 2 diabetes mellitus (T2DM), and a single nucleotide polymorphism (SNP, rs4402960) in the second intron is associated with T2DM [18] [19] [20] .
Accumulating evidence links IGF2BP2 with cancer. The T2DM-relevant SNP rs4402960 in IGF2BP2 gene increases the risk of breast cancer in at least some ethnic groups [21] . Autoimmune response to IGF2BP2 observed in hepatocellular carcinoma (HCC) and colorectal, ovarian, and breast cancer supports the potential of the autoantibody against IGF2BP2 as a biomarker in cancer screening, diagnosis, and prognosis [22] [23] [24] . Indeed, overexpression of IGF2BP2 in basal-like breast cancer and esophageal adenocarcinoma predicts short survival of the patients [25] [26] [27] . At the cellular level, IGF2BP2 enhances genomic instability [27] and stimulates cancer cell proliferation and migration [28, 29] . Furthermore, studies from independent laboratories suggest that IGF2BP2 participates in the maintenance of cancer stem cells (CSCs) [17, 27, 30] , implicating that IGF2BP2 may be important for the chemoresistance and recurrence of the diseases.
Despite the consolidated evidence for the physiopathological significance of IGF2BP2, our knowledge of its functions in embryonic development, energy metabolism, and disease progression is incomplete. Our understanding of IGF2BP2 functions at the molecular level is limited to glucose metabolism [19] , mitochondrial activity [12, 17] , and energy preservation [12] . In the past few years, more experimental evidence has linked IGF2BP2 to the progression of cancer, including HCC, glioblastoma, and breast, ovarian, colon, and esophageal cancer, particularly the maintenance of cancer stem cells. This review aims to summarize these advances along with the origin, structure, regulation, and functions of IGF2BP2. IGF2BP1 and IGF2BP3 are partially covered, in comparison with IGF2BP2 when necessary, to obtain a panoramic view of IGF2BP2 expression and function, particularly but not exclusively, in disease control and progression.
Origin of IGF2BP2
Homologs of IGF2BPs have been identified in both invertebrates and vertebrates, although they are reported with different nomenclatures and their target mRNAs and biological functions may vary. These include human IGF2BPs, murine coding region determinant-binding key protein (CRD-BP), chicken zipcode-binding protein (ZBP1), and Xenopus laevis Vg1RBP/Vera. Phylogenetic analysis suggests that IGF2BP1, IGF2BP2, and IGF2BP3 homologs in vertebrates and Drosophila dIMP originated from a common ancestor ( Figure 1 ) [31] . Human IGF2BP1, mouse CRD-BP, and chicken ZBP-1 are almost identical [32] . Human IGF2BP3 and Xenopus laevis Vg1RBP/Vera are orthologs [31, 33, 34] . Homologs of human IGF2BP2 have been identified as IGF2BP2a and IGF2BP2b in Danio rerio [31] . These IGF2BP homologs all have multiple conserved RNA-binding domains and are believed to mediate mRNA localization and translation through conserved mechanisms [31] .
Gene and Protein Structure of IGF2BP2
Gene IGF2BP2 contains 16 exons at chromosome 3 locus 3q27.2 [19] , encoding a 66 kDa full-length protein [9] . Alternatively, it generates a splicing variant by skipping exon 10 and encodes a 62 kDa IGF2BP2 isoform, p62 ( Figure 2 ) [35] , which was identified as a cytoplasm-localized IGF2 mRNA-binding protein and termed as IGF2BP2 [36] . IGF2BP2 shares with other IGF2BPs an overall 59% identity in amino acid (aa) sequence and a similar protein structure characterized by six RNA-binding domains, which includes two N-terminal RRMs and four C-terminal KH domains ( Figure 2 ) [19] . p62 has a 43-aa loss between the KH2 and KH3 domains due to the skipping of exon 10 [35] . The six RBDs are highly conserved but spaced with linker regions which are more flexible in sequence and structure and determine the functional diversity of IGF2BPs. The RRM and KH domains commonly exist in numerous RBPs, such as heterogeneous nuclear ribonucleoproteins [37, 38] , poly(A) RNA binding proteins, and the Vigilin family of proteins [4] ; however, the tandemly arranged pattern of two RRM and four KH domains is unique to IGF2BPs [39] . The RRMs have high affinity for RNA, determining the binding capacities of the RBPs to RNA [40] . These motifs play a central role in the stability of IGF2BP-RNA complexes and coordinate the interactions between the complex and other RBPs [4, 40] . The KH domains primarily bind to RNA, preferentially the polypyrimidine region [41] , although their association with DNA has also been demonstrated in Xenopus laevis [42] , and the completion of KH domains in IGF2BP2 has been shown to be critical for its RNAbinding [43, 44] .
Tandem repeats of RRMs and KHs in IGF2BPs are pivotal for their affinity, specificity, and versatility in RNA binding [19] . The contributions of individual RBDs are unclear and challenging to estimate, since RBDs, which share a high level of sequence identity, cooperatively engage in RNA binding. Repeated KH elements are important for high-affinity and specific RNA binding [40, 45] . RBDs also mediate the recruitment of other RBPs to the protein-RNA complexes [46, 47] . IGF2BPs form homologous and heterologous dimers in the presence of target mRNA and enhance stability of the protein-RNA complexes, adding another dimension of structural complexity and binding capacity, specificity, and versatility [48] .
The linkers between RBDs of IGF2BPs are very important but easily overlooked. Phosphorylation of residues in these spacer sequences is key to the posttranscriptional control of the target mRNAs in cytoplasm. For instance, the linker between RRM2 and KH1 domains of IGF2BP2 can be activated by mTOR and promotes its binding to IGF2 mRNA [49, 50] . Phosphorylation of the linker residues between KHs of ZBP-1 and V1RBP by Src and mitogenactivated protein kinase (MAPK) is essential for their association with ACTB mRNA, which is a prerequisite for the translocation and translation of ACTB mRNA in the cytoplasm during neuronal growth cone guidance [51] [52] [53] .
Functions of IGF2BP2
4.1. IGF2BP2 in RNA Processing. Our knowledge about the functions of IGF2BPs in RNA processing mainly comes from the studies on IGF2BP1, the best understood member of this RBP family. Briefly, IGF2BPs predominantly localize in the cytoplasm, where they form ribonucleoprotein particles (RNPs) with their target mRNAs [54, 55] , but are also capable of entering the nuclei (Figure 3 ) [54] , where they bind to nascent transcripts [56, 57] and attend their regulation [51, 55, 58] . Controlled by the nuclear export signals in the KH domains, IGF2BPs can transport the target transcripts out of the nucleus [54] , protecting them from degradation [39, 59] , and mediate their translation spatially and temporally [48, 50, 51, [60] [61] [62] .
The function of IGF2BP2 in RNA processing is less understood compared with IGF2BP1; however, a number of client mRNAs for IGF2BP2 have been identified (Table 1) . These include IGF2 [49] , LAMB2 [10] , LIMS2 [11] , TRIM54 [11] , and hundreds of transcripts immunoprecipitated with IGF2BP2 ribonucleoprotein complexes from gliomaspheres formed by glioblastoma stem cells [17] . IGF2BP2 deletion Figure 2 : The gene and protein structure of IGF2BP2. Gene IGF2BP2 contains 16 exons at chromosome locus 3q27.2. The IGF2BP2 protein has six RNA-binding domains, including two N-terminal RRMs and four C-terminal KH domains. The p62 isoform has a 43-aa loss between the KH2 and KH3 domains due to the skipping of exon 10. in mice alters the translation of 15 IGF2BP2 target mRNAs, including 13 transcripts encoding mitochondrial components such as UCP1 [12] . In glioblastoma cells, IGF2BP2 facilitates the trafficking of mRNAs to the vicinity of mitochondria for subsequent translation and cellular functions [17] . Moreover, in a screening for RBPs that inhibited the AUF1-mediated degradation of mRNA using a yeast twohybrid system, IGF2BP2 was identified to bind to AUF1 and prevent mRNA degradation, suggesting that IGF2BP2 functions as an mRNA stabilizer [63] . In addition, phosphorylation of IGF2BP2 in the linker region between RRM2 and KH1 by mTOR promotes its binding to the IGF leader 3 mRNA 5′-UTR, enhancing the initiation of IGF2 translation through eIF-4E-and 5′ cap-independent internal ribosomal entry [49] . These findings suggest that IGF2BP2 has multiple functions in RNA processing like IGF2BP1. IGF2BP1, IGF2BP2, and IGF2BP3 mRNAs were detected at the two-cell stage during mouse embryogenesis and undetectable thereafter until E11.5 days, and the expression was then maintained till birth [9, 64] . Similar expression patterns have been observed in Xenopus laevis, Danio rerio, and Drosophila melanogaster [35, [65] [66] [67] .
In spite of the similarity in the timing of expression, variations have been found in their spatial distribution. IGF2BP1 and IGF2BP3 are mainly expressed in the forebrain, afterbrain, snout, branchial arch, viscera, skin, and tail vertebrae [66, 68, 69] , whereas IGF2BP2 is usually present in brain tissue (including cerebral cortex, striatum, and ventricle), nasal cavity, lung, liver, intestine, kidney, and other tissues [19] . Towards the end of embryonic development, IGF2BP3 gradually recedes, and a residual level of IGF2BP1 remains in the small and large intestine, kidney, and liver [68] [69] [70] . In contrast, IGF2BP2 expression is continued in brain, viscera, bone marrow, kidney, lung, muscle, liver, testis, and pancreas [71, 72] . The tissue-specific expression of IGF2BPs highly overlaps with that of IGF2 [9] , consistent with the regulatory hierarchy. The temporal and spatial expression of IGF2BP1, IGF2BP2, and IGF2BP3 supports their essential roles in embryonic development. In accord with this, dwarfism and impaired gut development have been demonstrated in IGF2BP1-deficient mice [68] . Loss of dIMP function in Drosophila is zygotic lethal while gain of function disrupts dorsal/ventral polarity [39, 73] . IGF2BP2-null mice are lean and gain less weight than their wild-type littermates [12] . In addition, a wide range of expression of IGF2BP2 in adult tissues, particularly gut, muscle, and brain, suggests that this protein may also regulate other physiological processes, such as food uptake, feeding behavior, and metabolism as previously reviewed [19] .
Nervous
System. Expression of mouse IGF2BP2 during the early embryonic development and its decrease after birth [74] correlate with its regulatory role in the differentiation of neural precursor cells into neurons or glial cells [16] , but with dwindling neurogenic potential with brain development [75] [76] [77] [78] . IGF2BP2 is expressed at a high level in neocortical NPCs at the early stage when these cells are proliferative and pluripotent, but to a less extent at the later stage when the cells lose their self-renewal ability [16] . It increases the neurogenic potential of NPCs and diverts them from astrocyte differentiation rather than regulating cell proliferation [16] . Thus, silencing IGF2BP2 expression inhibits neurogenesis while promoting NPC differentiation into glial cells [16] . A similar function of IGF2BP2 in stemness maintenance may also exist under pathological conditions; deletion of IGF2BP2 gene in glioblastoma stem cells impairs their clonogenecity [30] .
The driving mechanism behind the gradually diminishing expression of IGF2BP2 in favor of neurogenesis of NPCs in the early stage and glial cell differentiation in the later stage remains uncertain. Decreased expression of high-mobility group AT-hook 2 (HMGA2), which activates IGF2BP2 [79] [80] [81] [82] , induces similar but more prominent phenotypic changes in NPCs than IGF2BP2 overexpression, suggesting a potential HMGA2-IGF2BP2 axis during NPC self-renewal [16] . The downstream effector of IGF2BP2 in this setting is unknown; however, the known IGF2BP2 targets mediating focal adhesion remodeling and microtubule regulation may be involved in NPC2 cell stemness control and inhibition of differentiation [16] .
4.2.3. Metabolism. Among the mRNAs immunoprecipitated with IGF2BP2 ribonucleoprotein complexes in gliomaspheres formed by glioblastoma stem cells, genes regulating mitochondrial function and oxidative phosphorylation are significantly overrepresented [17] . Later isolation of mRNAs comigrating with polysomes obtained from the brown fat of mice with IGF2BP2 deletion identified 13 transcripts encoding mitochondrial components [12] . These data link IGF2BP2 with the mitochondrial respiratory chain and cell metabolism. Although mitochondrial DNA provides easily accessible templates for the synthesis of its protein components, the majority of transcripts are translocated from the nucleus [83] by RBPs like IGF2BP2 which shuttles between the nucleus and mitochondria surface [17] . Inhibiting IGF2BP2 expression impairs the assembling and activities of mitochondrial respiratory complexes I and IV, suggesting essential roles of this IGF2BP2 in energy metabolism [17] .
Significance of IGF2BP2 in metabolism has been confirmed by the phenotypic features demonstrated by mice with IGF2BP2 deletion. The IGF2BP2-null mice gain less weight after birth and live longer than their wild-type littermates [12] . They are resistant to diet-induced obesity and fatty liver and exhibit better glucose tolerance and insulin sensitivity. Deletion of IGF2BP2 leads to increased energy consumption and improved protection of the core temperature against coldness [12] . The brown fat cells from IGF2BP2-null mice exhibit a high level of UCP1, which functions as a cornerstone in thermogenesis by producing energy, maintaining body temperature, and reducing ATP synthesis [84] . Consistent with the negative regulation of UCP1 expression by IGF2BP2, the mTOR kinase complex, which activates IGF2BP2 and modulates the target mRNA translation [49] , also inversely regulates the level of UCP1 [85] [86] [87] , suggesting an mTOR-IGF2BP2-UCP1 cascade in energy metabolism. Apart from UCP1, IGF2 may be another effector of IGF2BP2 during metabolism. IGF2BP2 can be activated by mTOR and promotes its binding to IGF2 mRNA of IGF2 thereby leading to diabetes mellitus [12, 49] . These findings collectively highlight a significant role of IGF2BP2 in metabolism.
Regulation of IGF2BP2
The functional significance of IGF2BPs in embryonic development, metabolism, and body growth determines that their levels must be tightly controlled in terms of timing and spatial distribution. High mobility group proteins are crucial for the expression of IGF2BP2. High mobility group protein A (HMGA) 1 suppresses expression of IGF2BP2, which in turn binds and stabilizes HMGA1 mRNA. This feedback loop and other IGF2BP2 targets, such as IGF2, function collaboratively in promoting cell proliferation [88] . In HMGA2-null mice, IGF2BP2 expression was inhibited, supporting positive regulation of IGF2BP2 by HMGA2 (Figure 4 ) [89] . Later studies confirmed that HMGA2 promotes IGF2BP2 transcription by binding to the AT-rich region of the first intron of the IGF2BP2 gene in cooperation with nuclear factor κB (NF-κB) [90] . Thus, it is unsurprising that the temporal expression profiles of HMGA2 and IGF2BP2 overlap substantially during mouse embryogenesis [89] . Interestingly, the HMGA2 gene generates a truncated form of HMGA2 (HMGA2Tr), which is associated with tumorigenesis [91] and obesity [92, 93] . While HMGA2 increases IGF2BP2 transcription, HMGA2Tr exhibits an inhibitory effect [89] . It is unknown whether the effects of the two HMGA2 isoforms on IGF2BP2 transcription are associated with tumorigenesis.
The mediation of IGF2BP2 expression by HMGA2 has been proved to be critical for the expression of downstream targets of IGF2BP2, such as LAMB2, and Let-7 miRNA is involved in this cascade [10] . An increase of Let-7b inhibits HMGA2 expression which subsequently reduces IGF2BP2 and LAMB2 expression [10] . In a recent study, a photocatalytic activity-enhanced deoxyribose nucleotide cross-linking and immunoprecipitation (PAR-CLIP) assay demonstrated that IGF2BP2 bound to Let-7 miRNA recognition elements and suppressed the Let-7-mediated gene silencing independent of LIN28 proteins (Figure 4 ) [30] , which are encoded by Let-7 target mRNAs, but inhibit the maturation of Let-7 [74] . Taken together, these results suggest that IGF2BP2 is regulated by a comprehensive network formed by HMGA2, Let-7/LIN28, IGF2, and other unidentified partners, in which IGF2BP2 itself is also involved in a feedback loop. Aberrant alterations in the expression of these genes are associated with cancer [94] [95] [96] and diabetic nephropathy [10] .
Last but not least, IGF2BP2 activity can be mediated by mTOR, a major effector downstream of PI3K/Akt signaling [97] . In turn, a high level of IGF2BP2 enhances the expression of IGF2 which activates the PI3K/Akt/mTOR pathway and promotes the proliferation, migration, and epithelialmesenchymal transition of cancer cells [98] . These results indicate a positive feedback loop between the PI3K/Akt/ mTOR pathway and IGF2BP2 expression (Figure 4 ).
Association of IGF2BP2 with Cancer
Multitargeting RNA-binding is commonly seen for RBPs [99, 100] , and the target transcripts of individual RNPs usually share a unique consensus motif as previously reported for IGF2BP1 [47] and other RBPs [99, 100] . Although the consensus binding site for IGF2BP2 has yet to be identified, hundreds of target mRNAs have been reported [17] . These mRNAs encode proteins engaged in a number of pathways of significant physiological importance [17] . Disruption of IGF2BP2 function, unsurprisingly, results in a variety of diseases and disorders such as diabetes and cancer (Table 2) [19].
6.1. Liver Cancer. The p62 isoform of IGF2BP2 was identified as an autoantigen in HCC as early as 1999 [35] .
Autoantibody against p62 was found in 21% of HCC patients but completely absent in chronic hepatitis and liver cirrhosis, suggesting that the autoimmune response to IGF2BP2 is associated with transformation [35] . Later characterization showed that IGF2BP2 was expressed in scattered cells in liver cirrhosis nodules but present in all cells in HCC nodules [101] , confirming the upregulation of IGF2BP2 with hepatocellular transformation. Consistent with these findings, immunohistochemistry analysis of the paraffin-embedded HCC suggests that about one-third of liver cancer patients have nodules expressing high levels of IGF2BP2 [102] [103] [104] [105] . Of diagnostic and prognostic value, high IGF2BP2 expression in HCC predicts poor prognosis [27, 106] . Livers of mice overexpressing the IGF2BP2 splice variant p62 highly expressed the stem cell marker DLK1 and secreted DLK1 into the blood; DLK1was previously shown to correspond with poor survival in HCC [27] .
How IGF2BP2 is mechanistically linked with hepatocellular transformation is unclear. The known target mRNA of this RBP, IGF2, has defined roles in cell division [107] and hepatocellular physiopathology [108] and is believed to drive cancer cell dedifferentiation and hepatocarcinogenesis [109] . Moreover, IGF2BP2 may also be involved in pathological conditions preceding HCC, such as nonalcoholic fatty liver disease (NAFLD) [110] . The presence of IGF2BP2 in liver cirrhosis [35, 105, 106] suggests that this RBP is generated during pathological alterations before liver transformation. More convincingly, mice with liver-specific overexpression of IGF2BP2 show more fat deposition and an earlier and more intense fibrogenesis than their wild-type littermates when they are fed a methionine-choline-deficient (MCD) diet [101] , suggesting a driving role of IGF2BP2 in the pathogenesis of NAFLD [101] . Adipogenesis in the IGF2BP2 transgenic mice on MCD is stimulated by adipogenesis transcription factor Srebp1c [101] , which also orchestrates adipogenesis and predicts a poor prognosis in HCC [111] . Furthermore, high IGF2BP2 expression in the liver of mice on MCD coincides with upregulation of connective tissue growth factor (CTGF) independent of transforming growth factor beta (TGF-β) [101] . The increase of CTGF could be induced by interleukin-13 (IL-13) [112] which is upregulated in IGF2BP2 transgenic mice [101] . Highlighting the importance of this IGF2BP2-IL13-CTGF axis in pathology, blockade of the IL-13 receptor in a mouse nonalcoholic steatohepatitis (NASH) model reduced fibrosis [113] .
The pathological contribution of IGF2BP2 in NAFLD was speculated to be through monocyte chemoattractant protein-1 (MCP-1) [101] which is associated with NASH [101] and HCC [114] . In addition, IGF2BP2 may also modulate levels of tumor suppressor phosphatase and tensin homolog, affect activities of extracellular-signal regulated kinases, and contribute to the progression from NAFLD to HCC [101] .
6.2. Glioblastoma. IGF2BP2 is overexpressed in glioblastoma compared to the normal adult brain [17, 30, 98] , and its increase correlates with a poor prognosis in the proneural glioblastoma subtype, which is refractory to current therapy [17] . In in vitro 2-D and 3-D cultures of glioblastoma cancer stem cells (CSCs), IGF2BP2 is capable of binding to the mRNAs of 400 genes, which are overrepresented with genes regulating mitochondrial function and oxidative phosphorylation (OXPHOS) [17] . Some of these target transcripts encode proteins forming the mitochondrial respiratory chain complex. Furthermore, IGF2BP2 interacts with complex I (NADH: ubiquinone oxidoreductase) proteins. Silencing IGF2BP2 reduces the oxygen consumption rate of gliomaspheres and the activities of complexes I and IV and inhibits the clonogenicity in vitro and tumorigenicity in mice [17] . These data support the functions of IGF2BP2 in trafficking transcripts to mitochondria where it further mediates the assembly and activities of complexes I and IV in CSCs [17] .
Previous in vitro study using glioblastoma cell lines suggests that IGF2BP2 promotes glioblastoma cell proliferation and invasion and facilitates their epithelial-mesenchymal transition [98] . Downregulating IGF2BP2 sensitizes cells to chemotherapy, likely through the inhibition of the PI3K/Akt signaling cascade [98] , which is thought to be responsible for chemoresistance in many malignancies [115] .
6.3. Colon Cancer. Therapeutic outcome of colon cancer and control of the relevant mortality relies on early diagnosis of disease [116] . Fecal occult bleeding, colonoscopic observation, and raised serum carcinoembryonic antigen (CEA) level remain commonly used and effective markers for the diagnosis of colon cancer [117] [118] [119] . However, these techniques are not ideal for large-scale colon cancer screening. Cancer-specific DNA, RNA, and proteins in body fluids are ideal candidate biomarkers for various cancers. Autoantibodies against cancer-specific autoantigens like IGF2BP2 represent a unique group of the new generation of biomarkers. In support of this, 23.4% of colon cancer patients were found with IGF2BP2 autoantibody in their blood whereas the percentages in patients with colon adenocarcinoma and healthy population were 4.8% and 2.9%, respectively [22] . The data indicate a gradual increase in the number of patients with an IGF2BP2 autoimmune response with cancer progression [22] , indicating that IGF2BP2 may be associated with colon cancer transformation.
Immunohistochemistry demonstrates that 75% of patient tumors are positive for IGF2BP2, while normal colon tissues are completely negative [22] . It is unclear why only one-third of these patients produce an autoimmune response to this protein. Further studies in large cohorts of patients are required to dissect the correlation of IGF2BP2 autoimmune response with the stages and subcategories of colon cancer. Before this is achieved, autoantibody against IGF2BP2 may potentially be used together with other biomarkers, such as p53, CEA, c-myc, and antinuclear antibody, in the diagnosis of colon cancer [22, 120] .
A recent in vitro study demonstrated experimentally that IGF2BP2 participates in the regulation of colon cancer cell proliferation. Exogenous IGF2BP2 promotes cell proliferation and survival whereas its suppression leads to inhibition of proliferation [29] . At the molecular level, IGF2BP2 protects RAF1 mRNA from the miR-195-mediated degradation [29] . RAF1 protein functions in the MAPK signaling cascade by phosphorylating and activating the MAPK kinases (MEK1/2), which further activates extracellularrelated kinases (ERK1/2) and regulates cell survival and proliferation [29] .
6.4. Breast Cancer. Immunohistochemistry demonstrates frequent elevation of IGF2BP2 in breast cancer patients. It is expressed in 66% of breast cancer tissues but is detectable in only 18% of normal breast tissues [24] . Importantly, a high level of its mRNA correlates with a short survival [26] , suggesting a potential prognostic value of IGF2BP2 in breast cancer. IGF2BP2 can be particularly informative for basal-like breast cancer, a subtype mostly associated with triple-negative breast cancer, which generally has a poor survival [121] .
In concord with IGF2BP2 elevation in tumor tissue, autoantibody against IGF2BP2 is detected in 14.3% of blood samples from breast cancer patients, compared to only 5.6% in patients with benign tumors and 2.2% in healthy individuals [24] . The occurrence of this autoimmune response, easily assessable by liquid biopsy, can be used in stratification of breast cancer and, potentially, in the prognosis of certain subtypes of breast cancer. [122] . Among 83 serum samples from 48 gastric, 10 esophageal, and 25 large intestine cancer patients analyzed, 32 were detected with IGF2BP2 autoantibody [122] . The frequency of autoimmune response to IGF2BP2 was significantly higher in patients with metastatic tumors than in those with local disease [122] . Consistently, high IGF2BP2 expression in esophageal adenocarcinoma was found in another independent study, particularly in tumors of increased size and in metastatic lesions, suggesting the potential prognostic value of this protein [25] .
Alterations in the IGF2BP2 gene may have potential prognostic value in gastrointestinal cancer. In gastric cancer patients treated by first-line combinational therapy with epirubicin, oxaliplatin, and 5-fluorouracil, IGF2BP2 polymorphisms rs4402960 and rs6769511 are less common in patients with disease progression than in those with controlled disease [28] . Whether these nucleotide changes improve the response of gastric cancer patients to chemotherapies remains to be confirmed in future studies.
6.6. Endometrial Carcinoma. Histological classification of endometrioid and serous subtypes of endometrial carcinoma, which are different in terms of pathogenesis, clinical characteristics, prognosis, and treatments, can be challenging [123] . Immunohistochemical analysis for the recommended markers, such as p53, Ki67, and p16 [124, 125] , can be of limited help in some difficult cases [123] , suggesting that more definitive markers are needed. In a study involving 320 endometrial biopsy cases, immunohistochemical analysis indicated that IGF2BP2 was expressed in all proliferative and inactive endometrial glandular cells in both normal and serous carcinoma tissues. However, IGF2BP2 expression was lost in all endometrioid cases, by 25% to >95% of tumor cell populations [123] . More IGF2BP2 loss was observed in low-grade tumors [123] . These data suggest the potential of this protein as a biomarker for endometrioid endometrial cancer. 6.7. Sarcomas. Several lines of evidence support potential roles of IGF2BP2 in sarcomas. A higher level of IGF2BP2 was found in well-differentiated liposarcoma, in comparison with myxoid liposarcoma [90] , suggesting that IGF2BP2 may potentially be used to distinguish myxoid liposarcoma from the well-differentiated liposarcoma. The expression of IGF2BP2 in this setting is driven by HMGA2 and NF-κB, through binding to their regulatory elements tandemly located in the first intron of the IGF2BP2 gene [90] . In embryonic rhabdomyosarcoma, NRAS is frequently mutated and essential for tumor maintenance. The HMGA2-driven IGF2BP2 expression is fundamental for the stability of NRAS mRNA and proteins, suggesting the importance of the HMGA-IGF2BP2 axis in different sarcomas.
Other Carcinomas.
A few studies have also shown the association of IGF2BP2 with other malignancies, including prostate, ovarian, and testicular cancer. An enzyme-linked immunosorbent assay (ELISA) screening of 34 serum samples from ovarian cancer patients using 89 serum specimens from healthy donors as controls detected IGF2BP2 autoantibody in 29.4% of ovarian cancer patient, significantly higher than the detection rate in the healthy donors (1.1%) [23] . Interestingly, the autoantibody against IGF2BP1 was also detected at a comparable percentage (26.5%), and it is unknown whether the autoimmune responses to IGF2BP1 and IGF2BP2 are correlated in ovarian cancer patients.
In a small cohort of patients with testicular tumors originating from germ cells (30 cases) and somatic cells (3 cases), immunoreactivities of IGF2BP1, IGF2BP2, and IGF2BP3 were frequently observed but with different patterns. While IGF2BP1 was detected in all carcinomas, IGF2BP2 and IGF2BP3 were only seen in a subset of testicular cancers. These findings are, however, inconclusive due to the limited patient numbers [72] , and future studies are needed to characterize the specificities and potential diagnostic values of IGF2BP2 and IGF2BP3 expression for different subtypes of testicular cancer.
IGF2BP2 and Cancer Stem Cells
Cancer stem cells are a small group of cells that are capable of reinitiating tumors and believed to be the driving force behind the tumor growth, cancer recurrence, metastasis, and chemoresistance [126, 127] . Targeting these cells, especially their plasticity and self-renewal, represents one of the major efforts in the past two decades to eradicate tumor cells. IGF2BPs have frequently been shown to be associated with CSCs in different malignancies. IGF2BP1 promotes the enrichment and survival of a population of CD24 + CD44 + tumor-initiating cells in colorectal cancer [128] . IGF2BP3 is upregulated in tumor-initiating CD133 + CD49f + cells in mouse HCC and promotes their pluripotency and tumorigenesis by inhibiting TGF-β tumor suppressor pathway [129] . It is also specifically overexpressed in mixed lineage leukemia-rearranged (MLL-rearranged) B-acute lymphoblastic leukemia (B-ALL) in which it mediates the proliferation of hematopoietic stem and progenitor cells [130] .
Multiple lines of evidence from independent studies have linked IGF2BP2 with CSCs. As aforementioned, IGF2BP2 mediates the growth of gliomaspheres formed by glioblastoma stem cells by controlling OXPHOS through dozens of genes involved in mitochondria activity [17] . The short isoform of IGF2BP2, p62, is overexpressed in HCC with stem-like features and hypervascularization, and the livers of p62 transgenic mice highly express the stem cell marker DLK1 and generate tumors with more aggressive and stemlike phenotype [27] . Consistent with these observations in CSCs are the determinant roles of IGF2BP2 in the differentiation of NPCs [16] and myoblasts [131, 132] .
Mechanistically, IGF2BP2 induces genomic instability and enhances reactive oxygen species production in HCC CSCs [27] . In glioblastoma CSCs, IGF2BP2 regulates cell metabolism. Moreover, IGF2BP2 binds to the Let-7 miRNA recognition elements and protects the target mRNAs from the Let-7-mediated silencing, independent of LIN28 [30] . This interrupts the differentiation induced by tumor suppressor Let-7 miRNA and maintains the self-renewal and tumorinitiating capacities of CSCs [30] . IGF2BP2 also functions downstream of long noncoding RNA HIF1A-AS2 (hypoxiainducible factor 1 α-antisense RNA 2), via maintaining HMGA1 expression, and mediates the growth of tumors formed by glioblastoma CSCs [133] . These findings are believed to be a tip of the iceberg of IGF2BP2 function in CSCs; the full image is yet to be accomplished and pathways involved remain to be understood.
IGF2BP2, Diabetes, and Cancer
Patients with diabetes (predominantly type 2) generally have a higher incidence of many cancers, such as liver, pancreas, endometrium, colon, breast, and bladder cancer, as well as increased cancer-related mortality compared to the nondiabetic population [134] [135] [136] [137] . Hyperglycemia, hyperinsulinemia, and dysregulation of IGFs and adipokines are among the major mechanisms that facilitate tumorigenesis and cancer progression [137] . The genetic and molecular drivers behind these functional aberrations represent a group of ideal candidates which can be targeted to block the bioenergetic sources of cancer cells.
The insulin/IGF axis tops the list of potential mechanisms that link diabetes and cancer as reviewed elsewhere [134, 135] . The contribution of IGF2BP2 to this lethal link is largely unknown. A major member of the IGF family of growth factors, IGF2, is regulated by IGF2BP2 posttranscriptionally [49] and commonly dysregulated in type 2 diabetes [138] along with IGF2BP2 itself [19] . Elevated IGF2 predisposes patients to diabetes [138] and is believed to be involved in the association between diabetes and increased breast cancer incidence in African-American women [139] . In this setting, the level of IGF2BP2 can be mediated by the concentration of glucose, which controls the upstream regulators of IGF2BP2, Let-7, and HMGA2 [10] . After phosphorylation by mTOR, the activated IGF2BP2 further enhances the expression of IGF2 [49] .
Notably, type 2 diabetes and multiple cancers share common genetic fingerprints in the IGF2BP2 gene. The IGF2BP2 rs4402960 polymorphism, which conveys an increased risk of type 2 diabetes [20, [140] [141] [142] [143] , also increases the risks of colon and breast cancer according to the results from independent studies [21, 144] . However, an inverse correlation between this polymorphism and prostate cancer was reported [145] . In gastric cancer, IGF2BP2 rs4402960 and rs6769511 are more often detected in patients responsive to a combinational chemotherapy of epirubicin, oxaliplatin, and 5-fluorouracil [28] . These findings highlight the importance of these polymorphisms of IGF2BP2 in diabetes and cancer development; however, how the genetic variations affect the expression of IGF2BP2 and IGF2 is uncertain, and their functional consequences in diabetes and cancer progression require further characterization.
Conclusions and Perspectives
IGF2BP2 belongs to a large family of RBPs that coordinate the export, trafficking, and precise localization and translation of RNA in cells [4] . The tandem repeats of two RRMs and four KHs spaced by unique linker regions in its structure allow it to bind to a subset of transcripts and proteins and play multifaceted roles in cellular maintenance and embryonic development. In support of this, adult IGF2BP2-null mice are lean and small in size but are highly resistant to diet-induced obesity and are long lived compared to their normal littermates [12] , suggesting critical roles of IGF2BP2 in metabolism although the detailed mechanism remains to be investigated.
During embryonic development and in adults, 3 IGF2BPs exhibit different expression patterns suggesting their different physiological duties. Indeed, loss-of-function mouse models for IGF2BP1 and IGF2BP2 demonstrate dramatically different phenotypic features. Meanwhile, these proteins share a high level of identity in amino acid sequences and structures, suggesting a possible functional redundancy between them. In screening for the targets of IGF2BPs in human pluripotent stem cells using eCLIP, IGF2BP2 was found to share more targets with IGF2BP1, in comparison with IGF2BP3, even though the latter was believed to be more relevant to IGF2BP1 [146] . These data further suggest the functional redundancies between IGF2BPs although the extents and their biological significance remain to be characterized in future studies.
A number of studies have demonstrated elevated expression or de novo synthesis of IGF2BP2 in a range of malignancies. These alterations, and the staining patterns of IGF2BP2 in some cancer types, can be unique to cancer cells or a subcategory of cancer and potentially used as a diagnostic biomarker, for example, in differentiating the endometrioid subtype of endometrial cancer from normal endometrium and serous endometrial carcinoma [123] . Moreover, the incidence of autoimmune response to IGF2BP2 is substantially more frequent in cancerous than in normal tissue [22, 24, 35, 122] , implicating that detection of autoantibody against IGF2BP2 in serum may assist patient diagnosis and stratification. Noticeably, the cohorts of patients used in these studies were mostly small; future multiinstitutional and multinational large-scale characterizations are required to define the extent and specificity of IGF2BP2 expression and IGF2BP2 autoimmunity in different types of cancer.
The experimental evidence accumulated so far collectively supports a procancerous role of IGF2BP2 in cancer progression. Firstly, IGF2BP2 functions as a tumor promoter [88] . Its amplification and overexpression in many cancers correlate with cancer progression and predict poor prognosis. Secondly, IGF2BP2 promotes cancer cell survival, proliferation, and migration although the underlying mechanisms remain poorly defined [28, 29, 39] . Thirdly, in vitro and in vivo studies have provided solid evidence that IGF2BP2 is a dominant factor in the self-renewal of CSCs [17] . Fourthly, IGF2BP2 regulates the processing of transcripts that encode key subunits in mitochondrial respiratory chain complexes, as well as the assembly of these complexes, and fine-tunes oxidative phosphorylation in CSCs [17] . In addition, IGF2BP2 exhibits counteracting roles against tumor suppressor Let-7 miRNA by preventing the Let-7-mediated RNA degradation [10, 30] . Future studies are required to dissect the mechanisms behind the multifaceted rules of IGF2BP2 in cancer and evaluate the potential of targeting this protein in therapeutic development. Of particular interest is whether IGF2BP2 can be suppressed to divert CSCs towards differentiation or sensitize them to chemotherapy so as to reduce the recurrence and metastasis of cancer.
Associations of metabolic diseases such as diabetes and obesity with the incidence, progression, and clinical outcome have been commonly recognized [134] [135] [136] [137] . Delineation of the mechanisms that position cancer cells advantageously in terms of nutrition and energy supply is a prerequisite for us to develop approaches to block the signaling and energy supply to cancer cells. IGF2BP2 is likely to participate in these mechanisms. In one aspect, IGF2BP2 functions in insulin-induced signaling and metabolism, and depletion of IGF2BP2 in mice leads to glucose tolerance, insulin sensitivity, increased energy expenditure, slower body growth, and resistance to diet-induced obesity and fatty liver [12] . In another aspect, IGF2BP2 upregulation correlates with malignant transformation in liver and is required for the maintenance of stemness of CSCs. It will be important to characterize whether mice with IGF2BP2 deletion are more resistant to spontaneous tumorigenesis.
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